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GDS ASSOCIATES, INC.

REVIEW OF PALO VERDE UNIT 1 SHUTDOWN
COOLING LINE VIBRATION OUTAGE

EXECUTIVE SUMMARY

Palo Verde  Unit 1 experienced extens ive  outages  or pe riods  of low power opera tion

during the  firs t ha lf of 2006 due  to excess ive  vibra tion leve ls  in the  Unit 1 Tra in A Shutdown

Cooling (SDC) Sys tem suction line . The  SDC suction line  is  used to remove  re s idua l hea t from

the  reactor core  when die  reactor is  shutdown for ma intenance  or re fue ling. Eleva ted vibra tion

le ve ls  on the  Unit 1 SDC Tra in A suction line  we re  firs t ide ntifie d in Ma rch 2001 during a n

engineering inspection conducted near the  end of opera ting cycle  9 (ICE). Subsequent da ta

taken from the  vibra tion monitoring program indica ted tha t the  vibra tion leve l a t 100% power

was  increas ing from ope ra ting cycle  to ope ra ting cycle . During s ta rtup from Refue ling Outage

12 it was  found tha t the  SDC suction line  vibra tion leve ls  had increased dramatica lly and

approached the  e s tablished limit of 2.0 ITS  a t approxima te ly 32% power. At this  time  the  power

le ve l of the  re a ctor wa s  a dminis tra tive ly limite d. In Ma rch 2006, te s ting ide ntifie d the  pote ntia l

for vibra tion leve ls  to exceed the  des ign limit if one  reactor coolant pump were  s topped. It was

then decided to shutdown the  unit until the  fina l corrective  actions , changing the  loca tion of the

SDC suction line  isola tion va lve , could be  implemented.

APS conducted extensive  investiga tions  to de te rmine  the  source  of the  SDC line

vibra tions  and to de te rmine  the  reasons  for the  increased vibra tion leve ls  from opera ting cycle  9

following re fue ling outage  8 through ope ra ting cycle  13. APS concluded tha t the  vibra tion was

flow induced and was caused by coupling be tween an excita tion source , vortex shedding in the

SDC line  tee , and an acoustic resona tor. Alte r eva lua ting many options , APS resolved the

problem by moving the  SDC suction isola tion va lve  SI-65 l nea re r to the  RCS bootleg. The  new

loca tion of the  SDC suction line  isola tion va lve  S I~V651 is  ll fe e t from the  RCS  nozzle

compared to the  origina l loca tion which was  approxima te ly 50 fee t from the  nozzle .

1
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GDS concludes  dirt APS ' re sponse  to the  SDC suction line  vibra tion issue  was

reasonable  and prudent. The  following informa tion is  pre sented in support of this  conclus ion of

prudence:

1 .

2.

4.

5.

6.

7.

The  leve l of SDC suction line  vibra tion tha t led to the  outage  could not have  been

anticipa ted.

APS conducted an extens ive  inves tiga tion to identify the  source  of the  vibra tion,

the  cause  of the  increase  in vibra tion over time , and the  possible  solutions .

APS ' approach to implementa tion of a  solution to the  vibra tion problem was

reasonable .

Re loca ting the  SDC suction line  isola tion va lve  S I-65 l was  a  complex and

cha llenging modifica tion requiring extens ive  enginee ring. Enginee ring and

cons truction activitie s  required to implement the  modifica tion were  comple ted in

a  reasonable  amount of time.

The  origina l loca tion of the  SDC suction line  isola tion va lve  was  a  reasonable

location based on maintenance  and opera tional considera tions.

The  NRC was  sa tis fied with APS actions  to re solve  the  problem.

Re loca ting the  SDC suction line  va lve  was  successful in re solving the  problem

and grea tly reduced the  leve l of vibra tion in the  SDC suction line .

1 . DESCRIPTION OF PROBLEM

a. The Shutdown Cooling Line Vibration Outage

Palo Verde  Unit 1 experienced extensive  outages  or pe riods  of low power opera tion

during the  firs t ha lf of 2006 due  to excess ive  vibra tion leve ls  in the  Unit 1 Tra in A Shutdown

Cooling (SDC) Sys tem suction line . These  outages  include  ope ra tion a t 25% to 32% power from

December 27, 2005 to January 17, 2006, a  plant outage  from January 17 to January 21, 2006,

opera tion a t 25% power from January 21 to March 18, 2006, and another plant outage  from

March 18 to July 7, 2006. These  outages  and periods  of reduced power opera tion for Pa lo Verde

Unit 1 resulted in a  capacity factor in 2006 of 42.3% versus  the  goa l for 2006 of 97.6% and

3.

2
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generation of only 4,868,234 net MWh compared to the 2006 generation goal of 11,261,906 net

Mwh.

b. Description of the Shutdown Cooling Line

APS ide ntifie d vibra tion le ve ls  in the  Unit 1 Tra in A Shutdown Cooling suction line  tha t

were  de te rmined to be  above  the  leve ls  a t which the  unit could sa fe ly opera te . The  Shutdown

Cooling System is  used to remove  res idua l hea t from the  reactor core  when the  reactor is

shutdown for ma intenance  or re fue ling activitie s . The  Pa lo Verde  plants  each have  two

Shutdown Cooling suction line s  ide ntifie d a s  Tra in A a nd Tra in B. The  Tra in A Shutdown

Cooling suction line  is  a  16 inch line  tha t is  a ttached directly to the  bottom of the  42 inch reactor

coolant sys tem hot leg as  shown in the  figure  be low.

Figu re  1. Orig ina l Tra in  A S hu tdown  Coo ling  Line  Configu ra tion
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11. HISTORY OF SDC LINE VIBRATION

Ele va te d vibra tion le ve ls  on the  Unit 1 SDC Tra in A suction line  we re  firs t ide ntifie d in

March 2001 during an engineering inspection conducted near the  end of opera ting cycle  9 (ICE).

Vibra tion a t the  same  frequency but subs tantia lly lower amplitude  was  a lso found on the  Tra in A

3



Palo Verde Unit 1 S hutdown Cooling Line  Vibra tion Outage Review GDS Associa tes , Inc.

Shutdown Cooling suction line  of Units  2 and 3. The  Unit 1 vibra tion leve ls  we re  ana lyzed and

found to be  within a cce pta ble  limits  for continue d ope ra tion. A progra m to monitor the  vibra tion

leve ls  was  implemented to ensure  tha t vibra tion leve ls  s tayed within acceptable  limits  .

Da ta  taken from the  vibra tion monitoring program indica ted tha t the  vibra tion leve l a t

100% power was  increas ing from ope ra ting cycle  to ope ra ting cycle . During the  cycle  10

continuous  breaker-to-breaker run from May 2001 to September 2002, vibra tion leve ls  trended

upward from 1.0 inches  pe r second (ITS) to 1.2 ITS  during the  fina l 3 months . At the  end of

ope ra ting cycle  10, the  SDC suction isola tion va lve  1JSIAUV0651 fa iled to open. The  fa ilure

was a ttributed to loosening of fas teners  within the  va lve  actua tor. The  root cause  was

de te rmined to be  inadequate  torque  on the  fas teners  during reassembly in conjunction with a

sus ta ined high leve l of vibra tion during ope ra ting cycle  10. Corrective  actions  included

hardening of the  va lve  actua tor by seeming the  inte rna l fa s tene rs  with Loctite , addition of an

inspection port on the  va lve  actua tor, and addition of vibra tion and tempera ture  monitoring

equipment. An additiona l pipe  support was  ins ta lled in an a ttempt to reduce  SDC line  vibra tion.

However, a  s ignificant increase  in vibra tion amplitude  was observed and power ascension was

stopped a t 70% power when the  amplitude  reached 1.90 ITS. The  new pipe  support was

removed and the  vibra tion leve ls  re turned to the  leve ls  experienced a t the  end of Cycle  10.

During Cycle  11, Unit 1 was  forced to shutdown due  to a  pin-hole  leak on branch dra in

line  socke t we ld. Ele va te d vibra tion le ve ls  we re  ide ntifie d a s  a  contributor to this  le a k. During

Cycle  12, the  vibra tion leve l was  approxima te ly 1.60 ITS .

The  s team genera tors  a t Pa lo Verde  Unit 1 were  replaced during re fue ling outage  12, and

during s ta rtup from this  re fue ling outage  it was  found tha t the  SDC suction line  vibra tion leve ls

had increased dramatica lly and approached the  es tablished limit of 2.0 ITS a t approximate ly 32%

powe r. At this  time  the  powe r le ve l of the  re a ctor wa s  a dminis tra tive ly limite d. In Ma rch 2006,

te s ting identified the  potentia l for vibra tion leve ls  to exceed the  des ign limit if one  reactor

coolant pump were  s topped. At this  time  it was  decided to shutdown the  unit until the  fina l

corrective  actions , changing the  loca tion of the  SDC suction line  isola tion va lve , could be

implemented.

4
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III. CAUSE OF THE SDC LINE VIBRATION

APS conducted extensive  investiga tions  to de te rmine  the  source  of the  SDC line

vibra tions  and to de te rmine  the  reasons  for the  increased vibra tion leve ls  from opera ting cycle  9

following re fue ling outage  8 through ope ra ting cycle  13. Two sources  of the  ene rgy for the

vibra tory motion, or forcing function, we re  identified a s  mechanica l action by rota ting equipment

or reactor coolant sys tem flow induced vibra tion. Mechanica l action by rota ting equipment a s  an

excita tion source  was investiga ted and re j ected as  tests  provided no evidence  of a  forcing

function a ttributed to the  reactor coolant pumps  or any othe r rota ting equipment. Many types  of

excita tion by various  reactor coolant flow phenomena  were  investiga ted but were  not supported

by the  evidence . S ignificant evidence  was  found to support the  exis tence  of coupling be tween

vortex shedding in the  SDC tee  and the  acoustic frequency of the  SDC suction line  configura tion.

APS concluded tha t the  vibra tion was flow induced and was ' caused by coupling be tween

an excita tion source , vortex shedding in the  SDC line  tee , and an acoustic resona tor. The

excita tion source  is  the  pressure  dis turbance  resulting from die  flow of reactor coolant across  the

tee  joining the  SDC suction line  to the  RCS hot leg. The  acous tic re sona tor is  the  SDC suction

line  itse lf which forms a  deep cavity bounded by the  RCS bootleg on one  end and the  SDC suction

is ola tion valve (USIAUV0651) on the  othe r, a  length of more  than 50 fee t. Facts  supporting this

de termina tion include  :

The  vibra tion amplitude  is  re la ted to hot-leg flow and independent of the

pa rticula r pump combina tion used to e s tablish the  specific flow ra te :

Sca led mode l te s ting demonstra ted the  potentia l for acoustic amplifica tion due  to

coupling in a  configura tion equiva lent to the  SDC suction line ;

A re vie w of work done  during Re fue ling Outa ge  8 did not ide ntify a ny

maintenance  or modifica tions  tha t would indica te  tha t the  increased vibra tion

experienced during opera ting cycle  9 was caused by reduced damping, increased

stiffness  or changes to s tructura l na tura l frequencies .

5
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Pressure  pulsa tion and other da ta  recorded in Unit 1 during opera ting cycle  13

demonstra ted tha t the  vibra tion was  driven by acous tic excita tion.

The  root cause  of the  SDC suction line  vibra tion was  de te rmined by APS to be  a  la tent

design weakness  in tha t the  configura tion of the  SDC suction line  crea tes  a  resona tor with a

fundamenta l frequency close  to the  pressure  dis turbance  a t the  SDC suction line  tee .

•

•

•

•

•

•

•

•

•

•

•

•

Once  the  cause  of the  SDC suction line  vibra tion had been found, APS initia ted actions  to

de te rmine  the  reasons tha t the  vibra tion had increased over time  and to identify corrective  actions

to reduce  the  vibra tion leve l to within acceptable  limits . APS eva lua ted numerous  poss ible

causes  for changes  in hot leg flow tha t could result in increased vibra tion. The  potentia l causes

for increas ing vibra tion include  :

Physica l S tructura l Changes

The  snubbe r reduction modifica tion;

Modifica tion to the  SDC suction isola tion va lve  to address  pre ssure  locking,

Physica l changes  to SDC tra in A branch lines ,

Changes  in the  contour of the  SDC line  tee  from the  vortex breake r modifica tion,

Physica l changes to pipe  supports ;

Physica l changes  to s tructura l s tee l;

Reactor Coolant Pump impe lle r changes;

Steam Generator replacement,

Changes Internal to the  Reactor Pressure  Vessel

Poss ible  repositioning of the  Core  Support Barre l when it was  removed and

re ins ta lled for inse rvice  inspection during 1R8.

Changes to fuel assembly design and manufacture ;

Changes to core  design;

Leakage  Mechanisms

Cold le akage  flow into the  SDC suction line ;

Hot le akage  flow out of the  SDC suction line ;

Component Degrada tion or Damage

•

6
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•

•

•

•

•

•

•

•

•

•

•

•

Degraded performance  of one  or more  pipe  supports ,

Degrada tion of the  upper guide  s tructure  flow a ligrnnent pla te  s leeves  or plugs

Degrada tion of the  fue l a lignment pla te  s leeves ;

Degrada tion of the  Core  Support Ba rre l lower keys  or keyways ,

De gra da tion of the  RP V flow skirt (flow ba ffle );

Degrada tion of the  reactor coolant pumps,

De gra da tion of othe r RPV flow pa thwa ys ,

Increased bowing of fue l assemblies  causing core  flow changes;

Steam Genera tor tube  plugging or other degrada tion.

Changes to Operating Procedures and / or Parameters

Hot/Cold leg tempera ture  changes;

Stre tch Power / Power Update ,

Changes in post outage  reactor coolant pump starting sequence,

Changes  to pressurizer spray/ surge  line  opera tions .

Each of these  potentia l causes  for the  observed increase  in vibra tion leve l was

investiga ted and eva lua ted. While  some of the  causes  lis ted above  could expla in ce rta in

observed increases  in vibra tion leve l, no s ingle  cause  was identified tha t could be  responsible  for

a ll of the  obse rved increases  in vibra tion leve l.

•

Iv. CORRECTIVE ACTIONS

In pa ra lle l with the  e fforts  to identify the  source  of the  vibra tion and the  reasons  for the

obse rved increase  in vibra tion leve ls , APS a lso worked to deve lop corrective  actions  tha t would

reduce  the  vibra tion leve l to acceptable  leve ls . APS re ta ined a  consultant and an EPRI expert

pane l to ass is t in deve lopment of the  corrective  actions . The  approach was predica ted on the

flow-induce d vibra tion hypothe s is . Initia l a tte mpts  a t re ducing the  vibra tion le ve l by a dding

mass  dampening devices  to the  SDC suction line  and by hea ting the  SDC suction line  were

unsuccessful. Following these  unsuccessful a ttempts , proposed modifica tions  were  designed to

De-couple  the  acoustic process  by shifting the  vortex shedding frequency or shifting the  acoustic

fre que ncy. Modifica tions to a ffe ct structura l resonance we re not cons ide re d. Modifica tions  to

7
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a ffect the  vortex shedding and acoustic frequency were  eva lua ted by sca le  model tes ting. Eleven

varia tions  of nozzle  modifica tions  were  te s ted and the  e ffects  of va lve  re loca tion were  quantified.

The  mode l te s ting demonstra ted tha t moving the  SDC suction line  isola tion va lve  would

solve  the  problem. However, this  modifica tion was  a  complica ted and lengthy process  tha t

involved s ignificant enginee ring and procurement. Anothe r promis ing approach was  to modify

the  SDC suction line  tee  by ins ta lla tion of a  grid pla te . Sca le  mode l te s ting demonstra ted tha t

ins ta lla tion of a  grid pla te  would be  e ffective  in reducing the  acoustic pressure  a t the  nozzle  and

the  chosen des ign would not impact the  functiona lity of the  SDC sys tem. The  grid pla te  was

ins ta lled during re fue ling outage  12. Howeve r va lida tion te s ting following the  re fue ling outage

showed s ignificant increases  in surface  vortexing and a ir entra inment which would make  ce rta in

des irable  modes  of plant ope ra tion not feas ible . There fore , the  grid pla te  was  removed. With the

fa ilure  of the  grid pla te  modifica tion, APS concluded tha t the  bes t solution was  to re loca te  the

SDC suction line  isola tion va lve .

Reloca tion of this  va lve  was proposed by the  consultants  and the  EPRI expert pane l.

Sca le  model tes ting showed a  s ignificant reduction in pressure  amplitude  and the  acoustic

frequency was shifted away from the  vortex shedding and resonant pipe  frequencies . The  new

loca tion of the  S DC suction line  isola tion va lve  S I-V651 is  ll fe e t from the  RCS  nozzle

compared to the  origina l loca tion which was  approxima te ly 50 fee t from the  nozzle . This

resulted in a  highe r acous tic frequency of 61 Hz compared to 25 Hz for the  origina l loca tion.

The  new configura tion re sulted in no s ignificant coupling with the  vortex shedding modes  and no

evidence  of othe r s ignificant excita tion sources  was  identified. The  new loca tion is  cons is tent

with the  loca tion in some  s imila r Kore a n Sys te m 80 pla nts . Mos t importa ntly, the  modifica tion

was  a  success . No vibra tion issues  were  identified and vibra tion of the  SDC suction line  was

we ll within a cce pta ble  limits . The  ne w va lve  loca tion a pproxima te ly ll fe e t from the  hot le g is

shown in Figure  2 be low:
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Figure  2. Re loca ted  SDC Suc tion  Line  Is o la tion  Va lve
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While  conceptua lly changing the  loca tion of the  SDC isola tion va lve  does  not appear to

be  a  ma jor undertaking, in fact re loca ting the  va lve  to the  new loca tion required extens ive

engineering to develop the  physica l plant changes and supporting engineering analyses

including:

Physica l Changes

Re loca te  Shut Down Cooling Va lve  SI-V651 from outs ide  the  S team Genera tor

compartment to ins ide ;

Re -route  the  3-inch Reactor Coolant Sys tem Hot Leg Injection piping;

Add on Mis s ile  S hie ld;

Add one  pipe  whip re s tra int;

Add severa l pipe  supports ;

Re loca te  conduit,

Ins ta ll pla tforms ,

Des ign Bas is  Ana lvs is  and Eva lua tions

Equipme nt Environme nta l Qua lifica tion;

Je t impingement eva lua tion,•

9
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Mis s ile  e va lua tion,

AS ME Cla s s  I piping a na lys is ;

Hydra ulic e va lua tion of piping,

Motor Ope ra te d Va lve  Locking / The rma l Binding a na lys is ;

Sa fe ty ana lys is  for boron dilution.

APS comple ted these  designs  and ana lyses  expeditiously to a llow comple tion of the

proje ct by mid-2006.

v . REGULATORY REVIEW

The  NRC close ly monitore d APS ' a ctivitie s  to re solve  the  SDC line  vibra tion proble m.

Previous ly, the  NRC had identified conce rns  with problem identifica tion and re solution by the

Pa lo Verde s ta ff NRC inspection reports  discussed ins tances  in which root cause  eva lua tions  by

APS were  too na rrowly focused. The  NRC monitored APS to ensure  tha t the  problem

identifica tion and re solution activitie s  re la ted to the  SDC line  vibra tion problem were  thorough

and comprehensive.

On March 18, 2006, vibra tion tes ting was be ing performed to ga ther da ta  re la ted to the

SDC line  vibra tion problem. The  da ta  revea led tha t s topping one  reactor coolant pump (RCP) in

loop 2 with a ll four RCPs  ope ra ting re sulted in vibra tion leve ls  a t the  SDC line  suction isola tion

va lve  S I-V651 which exceeded the  de s ign vibra tion limit. On March 31, 2006, APS  submitted a

request for an amendment to the  Unit 1 opera ting license  under exigent circumstances  to a llow

opera tion of the  unit during a  one -time  12-hour pe riod to collect SDC suction line  vibra tion da ta .

The  NRC granted this  reques t on April 6, 2006. On May ll, 2006, APS  made  a  pre senta tion to

the  NRC e ntitle d "A P re se nta tion on the  Phys ica l Modifica tion ofP VNGS Unit 1 S DC S uction

Line  to Elimina te  High-Le ve l Vibra tion." This  pre se nta tion provide d a  de ta ile d de scription of

the  SDC line  vibra tion problem, the  e fforts  APS had made  to ensure  tha t the  cause  of the

problem was  identified and the  planned modifica tion to re solve  the  problem.

On July 24, 2006, the  NRC issued Pa lo Verde  Nuclear Genera ting Sta tion Integra ted

Inspection Report 05000528/2006003. In the  report section tha t addresses  permanent plant
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modifica tions , the  NRC inspection focused on the  SDC suction line  modifica tion. The

inspection report sta tes :

The  primary focus  of this  inspection e ffort was  the  modifica tion
package  to re loca te  the  shutdown cooling isola tion va lve  (SI-651)
to reduce  the  magnitude  of vibra tion on the  shutdown cooling line .
The  inspectors  reviewed the  analyses, ca lcula tions, proposed post-
modifica tion te s ting, and the  requirements  for re turning the  sys tem
to ope ra tion.

Issues and Findings

No findings  of s ignifica nce  we re  ide ntifie d. The  inspe ctors  found
that the  licensee 's  engineers had adequate ly addressed engineering
requirements  and had deve loped a  modifica tion tha t could reduce
the  vibra tions . While  a  root ca use  wa s  not de finitive ly ide ntifie d,
the  inspectors found that the  licensee  personnel had done extensive
assessment and inves tiga tion to identify severa l contributing
causes  and deve lop corrective  actions  to s ignificantly reduce
vibra tions . The  inspe ctors  note d tha t the  initia l vibra tion le ve ls
were  lower than the  leve ls  a llowed by the  ASME code  by an orde r
of magnitude .

The  NRC found tha t APS had conducted extensive  assessment and investiga tion of the

problem and had deve loped corrective  actions  to s ignificantly reduce  the  vibra tion leve l in the

SDC suction line .

VI CONCLUSIONS

GDS concludes  tha t APS ' response  to the  SDC suction line  vibra tion issue  was

reasonable  and prudent. The  following informa tion is  pre sented in support of this  conclus ion of

prudence:

1 .

2.

The  leve l of SDC suction line  vibra tion tha t led to the  outage  could not have  been

anticipa ted.

APS conducted an extens ive  inves tiga tion to identify the  source  of the  vibra tion,

the  cause  of the  increase  in vibra tion over time , and the  poss ible  solutions . APS

re ta ined qualified experts  to assis t in these  analyses and evalua tions.
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APS ' approach to implementa tion of a  solution to the  vibra tion problem was

reasonable . Faste r and less  complex a lte rna tive  solutions  than re loca ting the  SDC

suction line  isola tion va lve  were  identified and a ttempted but did not solve  the

proble m.

4. Re loca ting the  SDC suction line  isola tion va lve  S I-651 wa s  a  comple x a nd

cha llenging modifica tion requiring extens ive  enginee ring. Enginee ring and

cons truction activitie s  required to implement the  modifica tion were  comple ted in

a  reasonable  amount of time.

5. The  origina l loca tion of the  SDC suction line  isola tion va lve  was  a  rea sonable

loca tion based on maintenance  and opera tional considera tions.

6. The  NRC wa s  sa tis fie d with APS  a ctions  to re solve  the  proble m.

7. Re loca ting the  SDC suction line  va lve  was  success ful in re solving the  problem

and grea tly reduced the  leve l of vibra tion in the  SDC suction line .

8. APS is  taking action to ensure  tha t Units  2 and 3 will not expe rience  the  same

proble m.

While  a  lengdiy outage  such as  tha t described above  is  clearly costly and undesirable ,

APS ' actions  in de te rmining the  cause  of the  problem and identifying and implementing a

solution were  reasonable  and prudent.

3.
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